Hatch M, Gjymishka A, Salido EC, Allison MJ, Freel RW. Enteric oxalate elimination is induced and oxalate is normalized in a mouse model of primary hyperoxaluria following intestinal colonization with Oxalobacter. Am J Physiol Gastrointest Liver Physiol 300: G461-G469, 2011. First published December 16, 2010; doi:10.1152/ajpgi.00434.2010.-Oxalobacter colonization of rat intestine was previously shown to promote enteric oxalate secretion and elimination, leading to significant reductions in urinary oxalate excretion (Hatch et al. Kidney Int 69: 691-698, 2006). The main goal of the present study, using a mouse model of primary hyperoxaluria type 1 (PH1), was to test the hypothesis that colonization of the mouse gut by Oxalobacter formigenes could enhance enteric oxalate secretion and effectively reduce the hyperoxaluria associated with this genetic disease. Wild-type (WT) mice and mice deficient in liver alanine-glyoxylate aminotransferase (Agxt) exhibiting hyperoxalemia and hyperoxaluria were used in these studies. We compared the unidirectional and net fluxes of oxalate across isolated, short-circuited large intestine of artificially colonized and noncolonized mice. In addition, plasma and urinary oxalate was determined. Our results demonstrate that the cecum and distal colon contribute significantly to enteric oxalate excretion in Oxalobacter-colonized Agxt and WT mice. In colonized Agxt mice, urinary oxalate excretion was reduced 50% (to within the normal range observed for WT mice). Moreover, plasma oxalate concentrations in Agxt mice were also normalized (reduced 50%). Colonization of WT mice was also associated with marked (up to 95%) reductions in urinary oxalate excretion. We conclude that segment-specific effects of Oxalobacter on intestinal oxalate transport in the PH1 mouse model are associated with a normalization of plasma oxalate and urinary oxalate excretion in otherwise hyperoxalemic and hyperoxaluric animals. cecum; proximal colon; distal colon; slc26a6 CONSIDERABLE EVIDENCE HAS emerged from human and animal studies suggesting that colonization of the intestinal tract by the anaerobic bacterium Oxalobacter formigenes plays an important role in degrading dietary sources of oxalate in the intestine, leading to reduced intestinal oxalate absorption and, consequently, a lower urinary oxalate excretion (9, 10, 15, 18 -20, 22, 25-27, 29). Importantly, these bacteria, discovered by Allison et al.
cecum; proximal colon; distal colon; slc26a6 CONSIDERABLE EVIDENCE HAS emerged from human and animal studies suggesting that colonization of the intestinal tract by the anaerobic bacterium Oxalobacter formigenes plays an important role in degrading dietary sources of oxalate in the intestine, leading to reduced intestinal oxalate absorption and, consequently, a lower urinary oxalate excretion (9, 10, 15, 18 -20, 22, 25-27, 29) . Importantly, these bacteria, discovered by Allison et al. (1) in 1985, use oxalate as a sole carbon and energy source. In most of the studies involving human subjects, the approach has been to determine whether the lack of Oxalobacter colonization is associated with increased urinary oxalate excretion and stone formation (9, 10, 18 -20, 22, 26, 29) . Clinical findings suggest a direct correlation between the complete absence or decreased activity of luminal Oxalobacter and the development of recurrent oxalate stone disease (18) , as well as the hyperoxaluria associated with conditions such as inflammatory bowel disease, jejunoileal bypass, and cystic fibrosis (9, 10, 26) . Several other studies have also shown significantly higher urinary oxalate excretion in stone-forming Oxalobacter-negative than Oxalobacter-positive patients (19, 20, 22, 29) . In 2002, Duncan et al. (6) showed, for the first time, that a single oral dose of O. formigenes resulted in a reduction in urinary oxalate following an oxalate load in four human subjects, and in two of these individuals, who were Oxalobacter-negative prior to the loading study, colonization was evident many months later. More recently, Hoppe et al. (16) reported very encouraging results: sizable, but transient, reductions in urinary oxalate in various small studies in patients with primary hyperoxaluria type 1 (PH1) who received Oxalobacter in the form of a paste/capsule.
We previously suggested that, in addition to degrading dietary sources of oxalate, Oxalobacter may be able to derive oxalate from systemic sources by initiating or enhancing active secretion of endogenously produced oxalate. Subsequently, using various approaches in rats, we demonstrated that Oxalobacter can modulate intestinal oxalate transport by inducing colonic oxalate excretion, and a consistent and beneficial consequence of this bacterial-enterocyte interaction was a significant reduction in urinary oxalate excretion due to this enteric oxalate shunt (15) . These results are especially encouraging in the context of enteric oxalate elimination in PH1, where a deficiency in the liver enzyme alanine-glyoxylate aminotransferase (AGT) results in an enhanced endogenous burden of oxalate, leading to hyperoxaluria, oxalosis, and renal failure (5) . Although vitamin B 6 administration is effective in reducing hyperoxaluria in a small subset of PH1 patients, the only known cure for PH1 is a liver or liver-kidney transplant (21) . Clearly, other treatment options require attention, and the goal of the present study was to determine whether Oxalobacter colonization of a mouse model of PH1 can enhance enteric oxalate secretion and effectively reduce hyperoxaluria. To our knowledge, this is also the first report examining oxalate handling in the mouse large intestine.
MATERIALS AND METHODS
Animals. All animal experimentation was approved by the University of Florida Institutional Animal Care and Use Committee and was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male and female mice (25-30 g ) were used in the following studies; they were given free access to a standard mouse chow (diet 2018S, Harlan Teklad) and drinking water before initiation of the colonization procedure. Several experimental series involved use of an AGT knockout mouse model on a C57BL/6 background strain (Agxt), as described by Salido et al. (23) , and another series included C57BL/6 [wild-type (WT)] mice as controls. At the time of the flux studies, the mice were euthanized by 100% CO 2 inhalation, and the entire large intestine, including the cecum, proximal colon, and distal colon, was removed.
Urine collection and analytic methods. Mice were housed in pairs in metabolic cages, and 24-h collections (2 mice per urine pool) were made under mineral oil into vessels containing 10 l of 2% sodium azide as a preservative. Urinary oxalate was determined in acidified (HCl) samples collected from all the mice over a 24-h period on several occasions using a kit assay (catalog no. 591, Trinity Biotech, St. Louis, MO). The oxalate assay, which was appropriately scaled down for smaller mouse sample volumes, was initially validated by a comparison with a double enzymatic assay frequently used in our laboratory (13, 14) . The latter, more sensitive, assay was used for the measurement of oxalate in mouse plasma pools (4 mice per pool). Since failure to account for oxalate losses incurred throughout the sample preparation has been shown to lead to significant underestimation of plasma/serum oxalate concentrations (13) , [ 14 C]oxalate (0.4 Ci/ml; New England Nuclear, Boston, MA) was added to each sample for the purpose of correcting for these cumulative losses. Urinary calcium concentration was determined using a calcium assay kit (Point Scientific, Canton, MI), and urinary creatinine was determined using a modification of the Jaffé reaction, as previously described (11) . Although the design of the metabolic cage is such that urine and feces are collected separately and the urine receptacle contains sodium azide, we examined the possibility of fecal contamination of urine during the 24-h collection period, since this could result in degradation of urinary oxalate. The first approach involved the addition of a fecal pellet (ϳ20 mg) from a colonized mouse (n ϭ 3) to an aliquot of the mouse urine sample (n ϭ 3, 250 l each) containing azide and spiked with [
14 C]oxalate. Appropriate controls included urine without (n ϭ 3) and urine with (n ϭ 3) a fecal pellet (ϳ20 mg) obtained from a noncolonized mouse. The samples were incubated at room temperature for 24 h and revealed no loss of [ 14 C]oxalate after acidification of the sample, and volatilization of 14 CO2 was determined. The second approach involved inoculating a mouse urine aliquot containing azide and [
14 C]oxalate tracer (as described above) with ϳ10 g wet weight of bacteria from an actively growing pure culture of a wild rat strain of O. formigenes (OxWR). The samples, which were prepared in triplicate, included controls that were not inoculated. All samples were incubated at room temperature for 24 h and revealed no loss of [ 14 C]oxalate. Together, these results provide assurance that the changes in 24-h urinary oxalate excretion observed in the whole animal studies are not due to contamination of urine by fecal Oxalobacter activity.
Colonization studies. Laboratory mice and rats are typically not found to be colonized with Oxalobacter, and the protocol for Oxalobacter colonization has been outlined previously (15) . Because a mouse isolate is not available, OxWR (4) was used in these colonization studies. Since oxalate is an essential growth substrate for Oxalobacter sp., mice were primed by administration of a 1.5% oxalate-supplemented diet (0.5% calcium; diet 89222, Harlan Teklad) for ϳ5 days prior to an esophageal gavage of a 0.5-ml inoculum containing an average of 35 mg wet wt of bacteria from a 24-h culture of OxWR. After 2 days, the mice were similarly inoculated a second time. Fresh fecal specimens were collected ϳ7 days after the second gavage for detection of Oxalobacter, which was routinely determined by an anaerobic culture method (15) . Approximately 20 mg of freshly collected fecal material were inoculated into anaerobically sealed vials containing a 20 mM oxalate medium, and after incubation at 37°C for ϳ6 -7 days, loss of most of the oxalate in the medium was indicative of the colonization status of the mouse. This simple method was validated during the present study on several occasions by two other approaches: 1) the degradation of oxalate was measured by spiking the inoculated anaerobic vials containing oxalate medium with [ 14 C]oxalate tracer (0.01 Ci) and determining the loss of radioactivity due to 14 CO2 volatilization after acidification; and 2) the presence of Oxalobacter was determined by DNA analyses using PCR, as previously described (24) . Fecal material was also collected directly from the lumen of each of the three large intestinal segments when the mice were euthanized for the flux studies to confirm colonization status at that time. Prior to study, all animals were confirmed to be noncolonized.
Flux studies. Unidirectional fluxes of oxalate across isolated segments of the mouse large intestine were measured using [
14 C]oxalate (Amersham, Piscataway, NJ), as previously described (7). The transport studies were conducted 7-11 days following the gavage procedure. Immediately following euthanasia, the large intestine was removed, and one pair of tissues from each of three segments, including the cecum, proximal colon, and distal colon, was prepared for the flux studies in Ussing chambers. The magnitude and direction of the net flux (J net Ox ) were determined by calculation of the difference between two unidirectional fluxes [mucosal-to-serosal (J ms Ox ) and serosal-tomucosal (J sm Ox )] measured for 45 min at 15-min intervals under shortcircuit conditions. The specific activity of the radioisotope, which remained constant throughout the flux period, was determined at the beginning and end of the experiment by sampling (50 l) from the labeled compartment. The electrical parameters of the tissue were also recorded at 15-min intervals throughout the experiment. Tissue conductance (mS/cm 2 ) was calculated as the ratio of the open-circuit potential (mV) to the short-circuit current (A/cm 2 ), and net fluxes were determined on conductance-matched tissues.
Immunoblotting. Protein extracts (50 g) of mucosal scrapings quantified using the bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL) were separated on a 10% precast Tris·HCl polyacrylamide gel (Criterion, Bio-Rad, Hercules, CA). The proteins were electrophoretically transferred to a nitrocellulose membrane. Immunodetection of slc26a6 transport protein on Western blots was performed using a custom-made primary slc26a6 antibody (Alpha Diagnostic International, San Antonio, TX) and a commercial secondary goat anti-rabbit antibody (Thermo Scientific). Membranes were incubated for 1 h in 5% (wt/vol) blocking solution containing nonfat dry milk and Tris-buffered saline with 0.1% Tween 20. The blots were incubated for 3 h at room temperature in the blocking solution containing the primary antibody and then for 1 h with the secondary antibody. After each incubation period with primary or secondary antibody, the blots were extensively washed with Trisbuffered saline with 0.1% Tween 20. For detection, the membranes were reacted for 1 min with chemiluminescence reagent (Amersham) and exposed to autoradiographic Hyperfilm-ECL (Amersham). The intensity of the resulting band in each case was quantified using ImageJ (National Institutes of Health). Membranes were reprobed with a monoclonal antibody to GAPDH (Ambion, Austin, TX) to ensure equal loading of the total protein.
Statistical analyses. Statistical analysis of the data was performed using a paired or unpaired t-test for the comparison of two means. Multiple means were compared by a one-way ANOVA followed by Bonferroni's t-test. For all analyses, differences were considered significant if P Յ 0.05.
RESULTS

Agxt urinary phenotype.
The hyperoxaluric phenotype reported (12, 23) for Agxt mice was confirmed in the present study. Agxt mice of either sex in the pure C57BL/6 background do not form kidney stones, nor do they show any other pathology (23) . Baseline urinary excretion values for oxalate, calcium, and creatinine compiled for the WT and Agxt mice used in different experimental series in this study are tabulated in Table 1 . We observed that basal urinary oxalate excretion was ϳ2.5-fold higher in Agxt than in WT mice fed the same standard diet. We also found that urinary calcium excretion was significantly higher (Ͼ60%) in Agxt than WT mice. However, this hypercalciuria was eliminated when Agxt mice were fed a low-calcium (0.5%) diet compared with the standard chow (1% calcium). In two of the experimental series below, urinary calcium excretion in Agxt mice fed a lowcalcium diet (0.81 Ϯ 0.07 mol/24 h, n ϭ 8 pools) was comparable to that of WT mice fed the same diet (0.83 Ϯ 0.09 mol/24 h, n ϭ 9 pools), suggesting that the hypercalciuric phenotype of Agxt mice has a large dietary component. Finally, a significant (50%) elevation in plasma oxalate concentration was detected in Agxt compared with WT mice.
Colonization of AGT-deficient mice reduces plasma and urinary oxalate and promotes enteric oxalate secretion. Urinary oxalate excretion in Agxt mice was shown to increase further (ϳ45%) when these mice were fed the oxalate-supplemented diet necessary for initiating and sustaining Oxalobacter colonization ( Fig. 1) . However, when Agxt mice are colonized with Oxalobacter, urinary oxalate excretion is significantly reduced to levels that are not statistically different from WT mice fed a standard diet (also shown in Fig. 1 for comparison). The significant difference in urinary oxalate excretion between the two Agxt groups, colonized vs. noncolonized, at the time of flux studies appears to be a consequence of the activity of Oxalobacter in the large intestine. In addition, colonization of Agxt results in a normalization of plasma oxalate concentrations from 40.7 Ϯ 4.4 M (6 plasma pools from noncolonized mice) to 20.3 Ϯ 2.6 M (7 plasma pools from colonized mice), revealing a 50% reduction in circulating oxalate concentrations. Colonized and noncolonized Agxt mice fed a 1.5% oxalate-0.5% calcium diet exhibited comparable urinary excretion rates for creatinine (4.23 Ϯ 0.24 and 5.13 Ϯ 0.64 mol/24 h in Agxt and Agxt ϩ OxWR, n ϭ 5 and 6 pools, respectively) and calcium (0.89 Ϯ 0.03 and 0.90 Ϯ 0.09 mol/24 h in Agxt and Agxt ϩ OxWR, n ϭ 5 and 6 pools, respectively) in the collections obtained immediately before the flux studies were conducted. As noted above (see Agxt urinary phenotype), the hypercalciuric phenotype of Agxt mice was eliminated when these mice were fed a diet containing 0.5% calcium. It is also clear that ϳ50% of basal urinary calcium excretion in WT mice is of dietary origin. Figure 2 shows oxalate fluxes across the cecum, proximal colon, and distal colon of colonized and noncolonized Agxt mice. Of the three segments, only the noncolonized cecum supports a net absorptive flux of oxalate, which was reversed to a significant net secretory flux in the colonized mouse. Whereas a basal net secretion of oxalate was observed in the proximal and distal colonic segments removed from noncolonized mice, net oxalate secretion increased significantly in the colonized distal colon, while oxalate fluxes across the proximal colon were unaffected by colonization. The Oxalobacter-induced changes in oxalate transport in the cecum and distal colon were accompanied by significant increases in shortcircuit current in these two tissue segments, indicating that the movement of some other ion(s) was also affected by colonization. No changes in transepithelial conductance were observed in any segment due to Oxalobacter colonization of Agxt mice.
Oxalobacter colonization of WT (C57BL/6) mice. The effect of colonization on intestinal oxalate fluxes and urinary oxalate excretion was also examined in WT mice in a separate experimental series. As shown in Fig. 3 , urinary oxalate excretion was almost fourfold higher in noncolonized WT mice fed the oxalate-supplemented diet than in WT mice fed the standard diet, and this dietary-induced hyperoxaluria was more than eliminated (reduced by 80%) by Oxalobacter colonization. We did not detect any changes in plasma oxalate concentrations in colonized WT mice compared with their noncolonized counterparts. As noted above, urinary calcium excretion in WT mice fed the standard mouse chow (Table 1) is reduced significantly (ϳ50%, to 0.83 Ϯ 0.09 mol/24 h, n ϭ 9 pools) in noncolonized WT mice fed the oxalate-0.5% calcium diet and comparable to that observed in the colonized WT group fed the same low-calcium diet (0.80 Ϯ 0.08 mol/24 h, n ϭ 9 pools). Urinary creatinine excretion was similar in colonized and noncolonized WT mice. The results of the oxalate transport studies in colonized and noncolonized WT mice in Fig. 4 illustrate a similar pattern compared with the results of the Agxt series described above. Again, of the three segments examined, the noncolonized cecum supported a net absorptive flux of oxalate, which was reversed to net secretion following colonization. Similarly, both colonic segments exhibited net secretion of oxalate in noncolonized mice, and colonization significantly enhanced this secretory flux in the distal colon. While oxalate fluxes across the proximal colon were not altered by Oxalobacter colonization of WT or Agxt mice, it was clear that the magnitude of J sm Ox and J net Ox was greater in WT than Agxt proximal colon whether the mice were colonized or noncolonized. No significant changes in short-circuit current or tissue conductance associated with colonization were observed in this series.
Expression of slc26a6 protein in colonized Agxt and WT mice. Next, we addressed whether any of the Oxalobacterinduced changes in intestinal oxalate transport could be correlated with alterations in the abundance of slc26a6, a known oxalate transporter (7) . As shown in Fig. 5, slc26a6 was differentially expressed, depending on the intestinal segment examined, the Oxalobacter colonization status of the segment, and whether the tissue originated from an Agxt or a WT mouse. Interestingly, we found that the basal abundance of slc26a6 protein is greater in the cecum and distal colon of the noncolonized Agxt mouse than the noncolonized WT mouse. However, there were no differences in slc26a6 abundance in the proximal colon of the two groups. Oxalobacter colonization of the mouse large intestine did not consistently affect slc26a6 abundance in the segments examined, and there was no consistent correlation between slc26a6 abundance and the functional changes in oxalate flux. In the cecum of Agxt mice, Oxalobacter colonization led to a 64% decrease in slc26a6 protein abundance, an effect that was not evident in WT mice. In contrast, in the distal colon, Oxalobacter colonization resulted in a 46% reduction in slc26a6 protein expression in WT mice, an effect that was not evident in Agxt mice. Finally, colonization did not alter slc26a6 expression patterns in the proximal colon from either mouse group, an observation that did correlate with no changes in oxalate transport (Figs. 2 and 4) .
Sustaining OxWR colonization in mice. We have demonstrated that WT and Agxt mice are readily colonized with OxWR, and, unexpectedly, we found differences between the two groups in terms of the length of time colonization was Fig. 3 . Normal 24-h urinary oxalate excretion in WT mice (n ϭ 18 pools) fed standard mouse chow and WT mice (n ϭ 8 pools) fed oxalate-supplemented diet (1.5% oxalate-0.5% calcium). Asterisk above the middle bar denotes a significant difference (P Ͻ 0.05) between these two groups. In colonized WT mice that are also fed the oxalate-supplemented diet (n ϭ 10 pools), urinary oxalate is significantly reduced compared with the noncolonized group ( §P Ͻ 0.05) and compared with WT mice fed the standard diet (*P Ͻ 0.05). and net transepithelial fluxes of oxalate across isolated, short-circuited segments of cecum, proximal colon, and distal colon from noncolonized (n ϭ 11 tissue pairs) and artificially colonized (n ϭ 9 tissue pairs) Agxt mice fed a diet containing 1.5% oxalate-0.5% calcium. *Significant difference between the two groups. Transepithelial conductance was not affected by colonization of any segment (20.2 Ϯ 1.2, 19.2 Ϯ 0.9, and 14.9 Ϯ 0.7 mS/cm 2 across cecum, proximal colon, and distal colon, respectively). Compared with noncolonized segments, short-circuit current (Isc) was significantly higher in colonized Agxt cecum (from 0.9 Ϯ 0.1 to 1.6 Ϯ 0.3 eq/cm 2 ) and distal colon (from 3.2 Ϯ 0.4 to 5.8 Ϯ 0.7 eq/cm 2 ) but remained unchanged in proximal colon (from 2.2 Ϯ 0.3 to 2.9 Ϯ 0.4 eq/cm 2 ).
sustained in the absence of exogenous dietary oxalate supplementation. The experimental design in the first series of the study involved colonizing WT and Agxt mice (n ϭ 12 in each group) fed a 1.5% oxalate-0.5% calcium diet. After confirmation of colonization, the oxalate-supplemented diet was replaced by regular mouse chow (containing 1% calcium and 0.25% oxalate, as determined by us) at 12 days after the gavage procedure (G ϩ 12 days). Fresh fecal specimens were obtained from the mice at intervals up to G ϩ 35 days for the determination of Oxalobacter activity, and urinary collections were . Unidirectional and net transepithelial fluxes of oxalate across isolated, short-circuited segments of cecum, proximal colon, and distal colon from noncolonized (n ϭ 7 tissue pairs) and artificially colonized (n ϭ 9 tissue pairs) WT mice fed 1.5% oxalate-0.5% calcium diet. *Significant difference between the two groups. Transepithelial conductance was not affected by colonization of any segment (19.9 Ϯ 2.7, 24.1 Ϯ 2.7, and 14.5 Ϯ 1.5 mS/cm 2 , across cecum, proximal colon, and distal colon, respectively). Compared with the noncolonized segments, short-circuit current was not affected by colonization (3.1 Ϯ 0.3, 4.6 Ϯ 1.1, and 1.9 Ϯ 0.3 eq/cm 2 in cecum, proximal colon, and distal colon, respectively). also obtained for oxalate and creatinine measurements. The results presented in Fig. 6 clearly show that, in the absence of exogenous dietary oxalate, Agxt mice lose colonization rapidly compared with WT mice. Given this unanticipated result, the study was repeated with additional animals (n ϭ 6 WT and n ϭ 10 Agxt mice), and, because the results were the same, they were combined for presentation in Fig. 6 . Every WT (18 of 18) and Agxt (22 of 22) mouse tested positive for Oxalobacter activity on G ϩ 7 days. By G ϩ 30 days, 100% of Agxt mice had lost colonization compared with ϳ10% of the WT mice. It is noteworthy that a subset (n ϭ 6) of colonized animals in the WT group were followed for a longer period, and all six animals remained colonized for up to G ϩ 75 days, at which time the study was terminated (Table 3) . A reasonable addendum to this study included the reintroduction of oxalatesupplemented food to the mice that lost colonization to determine whether Oxalobacter colonization could be revived. The results in all cases, however, were negative.
Urinary oxalate excretion was tracked in Agxt and WT mice during this series of colonization studies, and the results are presented in Tables 2 and 3 . A progressive reduction in urinary oxalate excretion was observed in Agxt mice following colonization, and it was maximal (ϳ47% reduction) at G ϩ 27 days, when only 5% of this group of mice remained colonized (Table 2) . By G ϩ 35 days, when 100% of the mice had lost colonization, urinary oxalate excretion was not different from the precolonization baseline value. Similarly, progressive and marked reductions in urinary oxalate excretion were observed in WT mice following colonization, and by G ϩ 35 days, when 10% of WT mice had lost colonization, urinary oxalate excretion was reduced by 90%. The subset of six mice that sustained colonization through G ϩ 75 days exhibited even lower (ϳ95% reduction) oxalate excretion values ( Table 3) .
The next series involved a similar design using Agxt mice (n ϭ 8), but with one modification. We addressed whether the duration of colonization could be lengthened in Agxt mouse intestine if the replacement diet on G ϩ 12 days contained 0.5% calcium, rather than the 1% calcium standard chow. In previous rat studies (15), we had demonstrated that the maintenance of Oxalobacter colonization was exquisitely sensitive to the balance between intraluminal calcium and oxalate availability. The results of this mouse study, also presented in Fig.  6 , show that 100% of Agxt mice lost colonization by G ϩ 21 days, demonstrating that this maneuver of reducing intraluminal calcium to 0.5% did not improve the duration of colonization.
In the final series of this study addressing the sustainability of Oxalobacter colonization, we determined whether naturally colonized Agxt mice sustained colonization for a longer period of time than artificially colonized mice. Two artificially colonized Agxt females (fed the oxalate-supplemented 0.5% calcium diet) gave birth to 11 pups, which were found to be 100% colonized at the time of weaning. The oxalate-supplemented diet was replaced by standard chow at 12 days postweaning (W ϩ 12 days), and the mice began to lose colonization artificially colonized Agxt mice ( ' ) were fed 1.5% oxalate-0.5% calcium diet prior to gavage (G) with OxWR. On G ϩ 12 days, this diet was replaced with standard chow containing 1% calcium and no oxalate supplementation. In the next series, artificially colonized Agxt mice (n ϭ 8, ) were fed 1.5% oxalate-0.5% calcium diet prior to gavage with OxWR. On G ϩ 12 days, this diet was replaced with chow containing 0.5% calcium and no oxalate supplementation. The last series involved naturally colonized Agxt pups (n ϭ 11) fed 1.5% oxalate-0.5% calcium diet before and after the day of weaning (W). On W ϩ 12 days, this diet was replaced with standard chow containing 1% calcium and no oxalate supplementation. Values are means Ϯ SE for mean of duplicate determinations on 8 urine pools. Baseline values reflect Ox excretion when the mice are fed Oxsupplemented (1.5% Ox-0.5% Ca 2ϩ ) diet. After urine collection on day 12 after the gavage (G) procedure (G ϩ 12), Ox-supplemented diet was replaced by standard (1% Ca 2ϩ ) mouse chow. *Significantly different from baseline (P Ͻ 0.05). rapidly. Within ϳ22 days after removal of oxalate from the diet, 100% of the naturally colonized mice had lost colonization (Fig. 6) . Thus the loss of colonization in Agxt mice does not appear significantly different between animals that are naturally colonized and those that are artificially colonized with Oxalobacter. In addition, the results confirm previous observations in rats (3) that intestinal colonization can occur in mice from mother to offspring prior to weaning. Urinary collections were not conducted in this series.
DISCUSSION
On the basis of Oxalobacter colonization studies in rats (15), we proposed that a physiological interaction between these bacteria and the transporting colonic mucosa results in the induction of enteric secretion and elimination of oxalate, leading to significant reductions in urinary oxalate. The results of the present study using mice confirm earlier observations in rats (15) . The focus of this study was to determine whether Oxalobacter colonization of a mouse model of PH1 would promote enteric oxalate secretion/elimination and, thus, reduce the oxalate burden associated with this genetic disease. As shown here, the presence of Oxalobacter in the large intestine of Agxt and WT mice is consistently associated with changes in intestinal oxalate transport and significant reductions in urinary oxalate excretion. The results obtained from this study are significant, because they show that Oxalobacter 1) modulates intestinal oxalate transport in a segment-specific manner, 2) can derive oxalate from systemic sources, in addition to degrading dietary oxalate sources, and 3) can normalize plasma and urinary oxalate excretion in a mouse model of PH1.
Oxalobacter colonization and intestinal oxalate transport. The segmental pattern of oxalate transport in the mouse large intestine was similar in Agxt and WT groups, showing that the noncolonized mouse cecum uniquely supports a net absorptive flux compared with a net secretory flux in proximal and distal colonic segments. Whereas the magnitude of oxalate fluxes across the cecum and distal colon of Agxt and WT mice was found to be comparable, unidirectional and net oxalate fluxes across the proximal colonic segment were considerably lower in Agxt mice than in their WT counterparts. In proximal colon, net secretion of oxalate was 90% lower in noncolonized Agxt than noncolonized WT mice and 80% lower in colonized Agxt than colonized WT mice. Thus, in WT mice, the proximal colonic segment has a considerable capacity to contribute to enteric elimination of oxalate.
The segmental changes induced in oxalate transport when Oxalobacter was a component of the mucosal bacterial population were also similar in Agxt and WT mice and were confined to the cecum and distal colon, since fluxes across the proximal segment were not altered. The apparent lack of involvement of the proximal colonic segment in this regard was observed previously in studies using Oxalobacter-colonized rats (15) , a result that is not readily explained. For all mice that were designated as colonized, Oxalobacter was confirmed to be present in the luminal contents of each of the large intestinal segments at the time of the flux studies; however, it is possible that the nature of the physiological-physical interaction between the bacteria and the transporting mucosa is different in the proximal colon. Nonetheless, a more robust net secretion of oxalate appears to be supported in the entire large intestine of colonized WT than Agxt mice, correlating with a larger reduction in urinary oxalate excretion of up to 95% vs. a 50% reduction in colonized Agxt mice. It is clear from our studies in rats (15) and, now, in mice that Oxalobacter can modulate the balance between renal and enteric excretion of oxalate.
One of the questions addressed was whether the Oxalobacterinduced changes in intestinal oxalate transport were due to a change in the relative abundance of the apical oxalate transporter slc26a6. Slc26a6, a multifunctional anion exchanger that mediates apical oxalate efflux in the mouse small intestine (7, 17) , is reported to be more abundant in the small intestine than in the colon (28, 30) . While we detected slc26a6 in the large intestine of WT and Agxt mice, it was clear that the protein tended to be more abundant in the noncolonized cecum and distal colon of Agxt than noncolonized WT mice, although this trend was not manifest in the proximal colon. Despite the differences in basal expression of slc26a6 in Agxt and WT mouse cecum and distal colon, there was no correlation between the abundance of this oxalate transporter and the pattern and magnitude of oxalate fluxes in these two segments. Furthermore, in the proximal colon, the similar pattern of slc26a6 protein expression in WT and Agxt mice did not reflect the significant difference in the magnitude of unidirectional and net oxalate fluxes that was evident between these two groups. There was also no consistent effect of Oxalobacter colonization on slc26a6 expression that could be correlated with directional changes in oxalate flux in the cecum or distal colon, and the proximal colon appeared refractory to the presence of the bacteria. While we did not detect any changes in the relative abundance of slc26a6 that correlated with functional changes, slc26a6 has been shown to mediate a significant fraction of oxalate efflux across the ileal apical membrane (7) and makes an important contribution to transepithelial oxalate transport in Caco-2 monolayers (8). Indeed, other oxalate transporters in the slc26a gene family, such as slc26a1, slc26a3, and slc26a4, are potential candidates for future study in this regard. In also addressing this issue, it is important to note that, in the intestine, for example, compensatory intraorgan differences in oxalate handling (cecum vs. colon) or, indeed, compensatory interorgan oxalate handling (intestine vs. kidney) may occur in the absence of any detectable change in protein abundance or mRNA expression. We also note that the cellular location of the transport protein cannot be ascertained by the immunoblot assay we conducted on protein extracts of intestinal scrapings and that trafficking of slc26a6 to and from the apical membrane could be influenced. Finally, it is possible that the changes in vectorial oxalate transport observed in colonized cecum and distal colon are primarily dependent on the magnitude and direction of counterion gradients in vivo, as demonstrated in in vitro studies conducted by us using Caco-2 monolayers (8). The latter study showed that vectorial transport of oxalate mediated specifically by slc26a6 is more dependent on the magnitude and direction of counterion gradients than an intrinsic property of the protein. Clearly, a better understanding of the prevailing counterion driver gradients, in addition to the relative affinities of the ions transported by these anion exchangers, is required.
Sustaining Oxalobacter colonization in mice. In previous studies in rats (4, 15, 25) , it was demonstrated that the success and maintenance of colonization depend on the availability of intraluminal oxalate and, in particular, the balance between intraluminal oxalate and calcium (15) . In the present study, we have shown that Agxt and WT mice are readily colonized by esophageal gavage of a live rat strain of Oxalobacter cells, but there was a striking difference between the two groups in terms of the duration of colonization after the oxalate-supplemented diet (0.5% calcium) was replaced by regular chow (1% calcium). A subset of six WT mice remained 100% colonized ϳ11 wk later, whereas 100% of Agxt mice had lost colonization within 18 days of removal of dietary oxalate supplementation. These results were consistent whether the Agxt mice were colonized artificially or naturally, and 50% reduction of dietary calcium did not improve the length of time colonization was sustained in these mice. It is possible, however, that further more extreme reductions in dietary calcium could be effective in sustaining colonization for a longer period in this knockout mouse. Although little or nothing is known about the nature of Oxalobacter colonization and the factors involved, intraluminal calcium activity in Agxt mice may indeed be a contributing factor. Clearly, calcium handling in Agxt mice is different from that in WT mice, as indicated by their dietarydependent hypercalciuric phenotype. Other factors are not immediately obvious, however.
A consistent feature of Oxalobacter colonization in all the experimental series involving Agxt and WT mice was a reduction in urinary oxalate excretion. We have observed progressive reductions over time when the mice sustain colonization, and this adaptive response is best illustrated in WT mice ( Table  3 ) that remain colonized for ϳ11 wk in the absence of exogenously supplied oxalate. Urinary oxalate excretion is 80 -95% lower in colonized than noncolonized WT mice fed the same diet, and the induction of enteric oxalate secretion/ excretion provides the simplest explanation for these results. In Agxt mice, the reduction in urinary oxalate excretion was reversed when colonization was lost, a result consistent with observations of Hoppe et al. (16) in various small studies of PH patients treated with Oxalobacter in the form of a paste/capsule on a short-term basis. If Agxt mice had sustained colonization for a longer period, it is highly likely that this would correlate with even further reductions in urinary oxalate in these mice. Nonetheless, Oxalobacter colonization of Agxt mice normalizes urinary oxalate excretion and plasma oxalate concentrations, and the results obtained here provide compelling evidence for the potential role of Oxalobacter in effectively reducing the endogenous oxalate load generated in PH. Whether there are differences between PH patients and normal healthy individuals in sustaining Oxalobacter colonization or whether this phenomenon is peculiar to Agxt mice is unknown. Certainly, an understanding of Oxalobacter colonization, including the factors that impact colonization, is necessary to better interpret the results of this animal study.
In conclusion, the present study is the first to show that when WT mice are colonized, there is a progressive lowering of urinary oxalate excretion with time in the absence of repeated treatments. Furthermore, this study is the first to show that dietary oxalate is not required for sustaining colonization in these WT animals, which was, heretofore, thought to be the case. The results in this report are especially important, because they highlight the fact that there are differences (due to as-yet-unknown factors) in the luminal environment (Agxt vs. WT) impacting colonization independent of oxalate availability. Importantly, we have demonstrated that segment-specific effects of Oxalobacter on intestinal oxalate transport in a PH1 mouse model are associated with a normalization of plasma oxalate and urinary oxalate excretion in otherwise hyperoxalemic and hyperoxaluric animals. The ramifications of these observations made in PH1 may be highly relevant in idiopathic calcium oxalate stone disease, as well as in PH2 (5) and the newly classified PH3 (2). Whether Oxalobacter or products of Oxalobacter can be used therapeutically to treat PH patients, as well as influence oxalate stone formation in other patient populations, warrants long-term investigations.
